Delayed reward discounting is a behavioral economic index of impulsivity, referring to how much an individual devalues a reward based on its delay in time. As a behavioral process that varies considerably across individuals, delay discounting has been studied extensively as a model for self-control, both in the general population and in clinical samples. There is growing interest in genetic influences on discounting and, in particular, the prospect of discounting as an endophenotype for addictive disorders (i.e., a heritable mechanism partially responsible for conferring genetic risk). This review assembles and critiques the evidence supporting this hypothesis. Via numerous cross-sectional studies and a small number of longitudinal studies, there is considerable evidence that impulsive discounting is associated with addictive behavior and appears to play an etiological role. Moreover, there is increasing evidence from diverse methodologies that impulsive delay discounting is temporally stable, heritable, and that elevated levels are present in nonaffected family members. These findings suggest that impulsive discounting meets the criteria for being considered an endophenotype. In addition, recent findings suggest that genetic variation related to dopamine neurotransmission is significantly associated with variability in discounting preferences. A significant caveat, however, is that the literature is modest in some domains and, in others, not all the findings have been supportive or consistent. In addition, important methodological considerations are necessary in future studies. Taken together, although not definitive, there is accumulating support for the hypothesis of impulsive discounting as an endophenotype for addictive behavior and a need for further systematic investigation.
Situated at the intersection of psychology and economics, behavioral economics is a hybrid discipline that examines the transactions people make with the world around them. The approach has made major contributions to a number of fields, most obviously to its parent disciplines, but also to psychiatry, public health, and cognitive neuroscience. One area that has been particularly fertile has been the study of delayed reward discounting, a behavioral economic index of impulsivity that reflects how much a reward loses values based on its distance in the future (i.e., how much a reward is discounted based on its delay in time). Emerging from the study of reinforcement learning (Ainslie, 1975; Rachlin & Green, 1972) and developmental perspectives in social psychology (Mischel, 1958 (Mischel, , 1961 , this form of impulsivity has become a robust model for understanding self-control, and the lack thereof, both in the study of general psychological functioning and as a putative factor in a number of psychiatric conditions. This is especially the case for addictive behavior (for a review, see MacKillop, Amlung, Few, Ray, Sweet, & Munafò, 2011) . In addition, delay discounting has emerged as a key paradigm in the incipient field of neuroeconomics (e.g., Bickel, Pitcock, Yi, & Angtuaco, 2009; Kable & Glimcher, 2007; McClure, Laibson, Loewenstein, & Cohen, 2004) , which further integrates behavioral economics and cognitive neuroscience.
There is increasing evidence that delay discounting may also be relevant to psychiatric genetics and, in particular, the genetic basis for addictive behavior. The goal of the current review is to bring together the diverse sources of evidence supporting this hypothesis in order to clarify the current knowledge and identify future directions. The first section will review the nature of delay discounting as a phenotype (i.e., any observable characteristic of an organism), both in general and in terms of its association with addictive behavior. The second section will review the endophenotype concept in psychiatric genetics, both at a conceptual level and in terms of the specific criteria that are used to evaluate whether a given phenotype should be designated as an endophenotype. The third section is the intersection of the first and second, the empirical evidence that suggests delay discounting constitutes an endophenotype for addictive disorders. Finally, as this is a relatively new area of interest, the fourth section highlights a number of important methodological considerations for future studies.
Delayed Reward Discounting as a Phenotype and its Association with Addictive Behavior
Considering delay discounting as a phenotype simply refers to its phenomenology and measurement. As a behavioral characteristic, delay discounting refers to an individual's profile of intertemporal reward preferences, or their preferences with regard to the tension between smaller rewards available in the short-term, typically the present, versus larger rewards available at a future time point. This profile can be operationalized in a number of ways and for an array of commodities. In children, preferences for smaller immediate rewards at the cost of larger delayed rewards can be assessed using the famous 'marshmallow test' (e.g., Mischel, Ebbesen, & Zeiss, 1972) , in which participants are offered one marshmallow (or another candy) immediately or two when the experimenter comes back at some later point. In adolescents and adults, discounting is typically assessed using tasks comprising dichotomous items that pit smaller immediate rewards against larger delayed rewards, both in the common currency of money. These tasks use permutations of rewards and delays that systematically vary the options and quantify the effects of delay on the value of the larger reward. By plotting the subjective value of the delayed reward across various delay periods, a discounting curve that reflects the magnitude of devaluation can be generated; two examples are provided in Figure 1 . The more precipitously the reward loses value based on delay, the more impulsive the individual is considered. More importantly, the expressed preferences across the choices can be aggregated into a quantitative profile of how rapidly a delayed reward loses value to the individual, the discounting phenotype.
Importantly, however, individual discounting decision-making profiles can be characterized using a number of different methods: modeling the temporal discounting function via nonlinear regression, area-under-the-curve analysis, or simply the proportion of impulsive choices (Green & Myerson, 2004; Mazur, 1987; Mitchell, Fields, D'Esposito, & Boettiger, 2005; Myerson, Green, & Warusawitharana, 2001) . In terms of mathematical models, the most widely used approach is a hyperbolic single parameter model (Mazur, 1987) , but hyperbola-like (hyperboloid) two-parameter models can also be applied (Laibson, 1997; Myerson & Green, 1995) and an additive-utility model has recently been proposed (Killeen, 2009 ). These models seek to quantitatively capture the typical form of the discounting curve, namely, that the value of a delayed reward rapidly loses its value during initial delays and then decays at a more moderate rate across subsequent delays. For example, in the hyperbolic discounting curves in Figure 1 , in comparing the slope during the first month of delay and the slope from 11 to 12 months of delay, it is clear that although the absolute delay durations are identical, the devaluation applied in the short run is considerably steeper. Abbreviated choice tasks also have been developed to more efficiently characterize discounting (e.g., Kirby, Petry, & Bickel, 1999; Madden, Petry, & Johnson, 2009) and are based on the hyperbolic model but can be also be analyzed using impulsive choice ratios (e.g., Murphy & MacKillop, 2012) . Indeed, even very small numbers of items or a single item can be used to infer discounting rates (Anokhin, Golosheykin, Grant, & Heath, 2011; Bradford, 2010; Reimers, Maylor, Stewart, & Chater, 2009; Wulfert, Block, Santa Ana, Rodriguez, & Colsman, 2002) . At this point, while there is no single methodology that is uniformly accepted as the most valid index of discounting, it appears that measures with greater precision are more sensitive to addiction-related group differences .
In the context of addictive behavior, delay discounting is highly relevant for a number of reasons. At a clinical level, impulsive discounting is a prototypic pattern in substance use disorders and pathological gambling. In other words, alcoholism, heroin addiction, and other forms of addictive behavior all commonly reflect behavioral patterns of dramatically and persistently overvaluing immediate drug rewards at the very high cost of future outcomes for the individual. The second connection between delay discounting and addictive behavior is at a mathematical level, where impulsive discounting may explain self-control failures in individuals with addictive disorders. In behavioral economics, self-control failures are referred to as preference reversals (i.e., a person changing their mind about their preference for one option over another), which are very common in the context of addictive disorders. For example, large proportions of individuals with substance use disorders report being motivated to change their behavior and do indeed seek treatment (e.g., Etter, Perneger, & Ronchi, 1997; Hogue, Dauber, & Morgenstern, 2010) , but later voluntarily drop out of treatment to resume drug use or relapse despite successfully completing treatment (e.g., McKay, Franklin, Patapis, & Lynch, 2006) . This may be explained by delay discounting because, as noted above, hyperbolic/hyperboloid discounting means that changes in value are not constant over time (Ainslie, 2001; Frederick, Loewenstein, & O'Donoghue, 2003) . More specifically, rewards appear to both disproportionately lose and gain value based on temporal proximity (either as the time to receipt approaches or as initial delays are implemented), which quantitatively predicts a change in overall preference from a larger delayed reward to a smaller immediate reward as it becomes temporally near at hand (i.e., a preference reversal). Moreover, the more steeply hyperbolic the individual's discounting curve, the more likely this is to happen. Thus, hyperbolic discounting provides a mathematical model for preference reversals from outcomes that have larger long-term benefits to those that are smaller, but immediately available (for more comprehensive reviews, see Ainslie, 2001 and Odum, 2011a, b) .
There is also a very robust empirical connection between discounting and addictive behavior. Many cross-sectional categorical studies have been completed, comparing delay discounting in a criterion group of individuals exhibiting addictive behavior to a control group. Fig. 1 . Prototypic hyperbolic delayed reward discounting curves reflecting the discounted subjective value of $100 delayed from 1 day to 1 year (curves reflect the immediate discounted value). At 100 days, $100 has lost 50% of its nominal value for the low impulsivity profile and 90% of its nominal value for the high impulsivity profile.
More impulsive discounting has been found in criterion groups based on levels of alcohol misuse and dependence (e.g., Petry, 2001; Vuchinich & Simpson, 1998) , nicotine dependence (e.g., Bickel, Odum, & Madden, 1999) , stimulant dependence (e.g., Coffey, Gudleski, Saladin, & Brady, 2003) , opiate dependence (e.g., Madden, Petry, Badger, & Bickel, 1997) , and pathological gambling (e.g., MacKillop, Anderson, Castelda, Mattson, & Donovick, 2006) . Moreover, a recent meta-analysis of 46 cross-sectional studies found consistent and substantial evidence of differences between groups in these categorical studies . Specifically, as illustrated in Figure 2 , the meta-analysis revealed a statistically significant medium effect size difference between groups across studies, and also revealed statistically significant and medium effect size differences within addictive behavior categories, suggesting this was common across addictive drugs (albeit with the exception of marijuana use disorders). In addition, the meta-analysis revealed a significantly larger effect size in studies using clinical samples, suggesting impulsive discounting is more robustly associated with clinically-relevant addictive behavior, not simply participation in these behaviors. Beyond categorical studies, continuous analyses have also reported significant positive associations between level of impulsive discounting and the level of addictive behavior (e.g., Alessi & Petry, 2003; Bobova, Finn, Rickert, & Lucas, 2009; MacKillop et al., 2010; Sweitzer, Donny, Dierker, Flory, & Manuck, 2008) . Thus, there is very robust evidence of the association between impulsive delay discounting and addictive behavior in cross-sectional studies.
Of course, cross-sectional associations cannot alone demonstrate causality, but a number of lines of evidence suggest that impulsive discounting at least partially predates addictive behavior and plays an etiological role. For example, in a large sample of adolescents, Audrain-McGovern et al. (2009) examined discounting and smoking behavior over a 5-year period and found that discounting predicted smoking initiation, not the other way around. These findings are similar to a previous finding that discounting assessed in preschoolers was associated with adult drug use 20 years later (Ayduk et al., 2000) . In addition, two retrospective studies have found high discounting in adolescence to be associated with an earlier onset of symptoms of alcohol use disorders (Dom, D'Haene, Hulstijn, & Sabbe, 2006; Kollins, 2003) . Finally, studies using animal models of discounting have found that impulsive discounting predicts acquisition and escalation of drug self-administration in drugnaïve animals (Anker, Perry, Gliddon, & Carroll, 2009; Marusich & Bardo, 2009; Perry, Larson, German, Madden, & Carroll, 2005; Perry, Nelson, Anderson, Morgan, & Carroll, 2007) , convincingly suggesting that impulsive delay discounting serves as a predisposition to addictive disorders.
In addition to contributing to the development of addictive disorders, several prospective studies have found that delay discounting predicts negative outcomes in smoking cessation treatment (Krishnan-Sarin et al., 2007; MacKillop & Kahler, 2009; Sheffer et al., 2012; Yoon et al., 2007) . Similarly, impulsive discounting has been found to be significantly associated with poorer opiate treatment response (Passetti, Clark, Davis, Mehta, White, Checinski, King, & Abou-Saleh, 2011) . Most recently, Stanger et al. (2012) found that discounting predicted treatment outcome in adolescents with marijuana use disorders. Thus, these studies suggest that, in addition to predating addictive behavior, impulsive discounting also plays an important role in maintaining addictive disorders, serving as a risk factor for treatment failure.
Taken together, delay discounting as a phenotype reflects a decision-making orientation toward smaller immediate rewards compared to larger delayed rewards. This orientation can be thought of as an aspect of personality (e.g., Odum, 2011b) or simply as a decision-making profile. In either case, however, this orientation toward intertemporal rewards can be objectively and precisely characterized using decisionmaking tasks. Across methodologies and in both cross-sectional and longitudinal designs, there is converging and convincing evidence that impulsive discounting contributes to the development and maintenance of addictive disorders.
The Endophenotype Concept in Psychiatric Genetics
The substantial role of genetics in addictive disorders is now well established (for a review, see Goldman, Oroszi, & Ducci, 2005) . Additive genetic factors are estimated to contribute 50-60% (Goldman et al., 2005) , meaning that approximately half of the statistical probability of developing an addictive disorder is attributable to genetic influences. Moreover, the recent revolutionary advances in human molecular genetics and high-throughput bioinformatics have offered an unprecedented opportunity to potentially identify the specific genetic polymorphisms responsible for conferring genetic risk. Paradoxically, however, from early candidate gene association studies examining one variant in a single gene to more recent genomewide association studies using 1M or more polymorphisms across genome 1 , the results have been disappointing because the genetic associations observed in early studies have often not been replicated and, where present, the effect sizes have been very small (Goldman et al., 2005; Treutlein & Rietschel, 2011) . In other words, in spite of the established high levels of heritability, the specific genetic variants that confer risk for (or protection against) addictive disorders remain largely obscure. This disconnect between moderate heritability and very small individual genetic associations applies to most psychiatric disorders (Turkheimer, 2011) .
One reason why this may be the case is increasing consensus that diagnosis of a clinical syndrome constitutes a low quality phenotype. This is because a diagnostic phenotype by its nature is inherently heterogeneous. Two individuals could receive an identical diagnosis with many different permutations of symptoms that entirely do not overlap. Severity introduces further variability, with some individuals barely meeting criteria and others exhibiting the most severe manifestation of the disorder. Moreover, subtypes within disorders have been empirically identified (e.g., Hesselbrock & Hesselbrock, 2006; Johnson, van den Bree, & Pickens, 1996; Moss, Chen, & Yi, 2007) , reflecting clusters of 1 Candidate gene studies involve one or more specific genes that have been identified as promising targets. Typically, different frequencies of one or more variants within the candidate gene are examined between groups of individuals who do and do not have the disorder of interest (cases vs. controls), with the disproportionate frequency of an allele in either the affected group or control group reflecting risk or protection. These are also referred to as association studies because they examine the association of certain genotypes with the condition. Genome-wide association studies are similar to candidate gene association studies, but are atheoretical high-bandwidth investigations that examine frequency variation in many thousands of alleles across the genome, providing a more comprehensive perspective.
characteristics that meaningfully aggregate and may be diversely genetically influenced. Furthermore, the course of substance use disorders is highly variable; large portions of individuals recover with or without formal treatment, while others exhibit stable patterns over long periods of time and still others exhibit a progressive course (e.g., Guttmannova et al., 2011) . This means that individuals may be classed together as reflecting the phenotype of interest at one point but actually reflect very different profiles when considered longitudinally. Taken together, the common problem is that dichotomous clinical diagnosis has manifold instances in which 'apples and oranges' may be combined and this creates a very heterogeneous and imprecise phenotype.
Toward clarifying the genetic basis for psychiatric disorders, an endophenotype approach focuses on characterizing narrower mechanistic processes that are more proximally related to genetic variation and in turn confer risk for a given clinical condition (Gottesman & Gould, 2003; Gottesman & Shields, 1973) . Endophenotypes are defined as genetically-influenced characteristics that putatively connect the dots from specific sources of genetic variation to increases or decreases in the probability of having a disorder, as illustrated in Figure 3 . Genetic variation is theorized to directly result in transcriptional differences, which then result in systems-level differences, which, in turn, result in the observed endophenotypic variation, and thereby Fig. 3 . The endophenotype approach in psychiatric genetics. Panel A presents the conceptual premise that for heritable polygenic conditions such as addictive disorders, alternative mechanistic phenotypes are necessary to map the relationship from genetic factors to risk for the condition. These phenotypes are defined as stable and heritable features of the individual that predate the onset of the condition, are independent of the condition itself, but are probabilistically related to the development of the condition. Panel B provides the elaborated endophenotype model that includes the additional relevant levels of analysis, including the direct effects of genetic variation on protein transcription, those effects on larger biological systems, the proximal endophenotype, and, ultimately, disorder liability. For both panels, the number of spaces in the arrows reflects the putative strength of the relationship, with fewer spaces reflecting stronger relationship and vice versa.
proximally influences risk for the disorder. More simply, endophenotypes are the intervening psychobiological mediators between specific forms of genetic variation and disorder liability. Thus, a key element for the endophenotype approach is the importance of refining the complex pathways by which risk is communicated from the genome to an individual's clinical status. By being more closely associated with genetic variation, endophenotypes are theorized to be more reliable and reflect larger magnitude relationships, making them easier to detect and replicate in smaller samples. Furthermore, by clarifying the pathophysiological and motivational processes that contribute to the clinical condition, endophenotypes have the potential to provide the foundation for implementing genetically-informed treatment or prevention.
These manifold benefits, however, are predicated on the successful identification of endophenotypes and a number of criteria have been proposed to clarify whether a characteristic is appropriately thought of as an endophenotype. Since the initial introduction of the concept almost forty years ago (Gottesman & Shields, 1973) , the term was intended to refer to a characteristic or process that was not readily observable, but was significantly associated with the disorder of interest, could be objectively and reliably assessed over time, and was heritable. In addition, further criteria for an endophenotype are evidence that it is state-independent (i.e., present even when the disorder is not) and present in nonaffected family members at a higher prevalence than in the population in general, reflecting transmission patterns of familial association and cosegregation (Flint & Munafò, 2007; Gottesman & Gould, 2003) . Additional criteria that have been proposed are that an endophenotype be continuous in nature, part of a biologically plausible etiological process, and closer to the genetic causative factors than to the disorder (Flint & Munafò, 2007) . Importantly, it has been noted that an endophenotype may be developmentally-defined (e.g., evident only after a certain age or only pertaining to a specific developmental period) and may only be present in response to a laboratory challenge (Hasler, Drevets, Gould, Gottesman, & Manji, 2006) .
Evidence Supporting Delayed Reward Discounting as an Endophenotype
Although the notion of delay discounting as an addiction endophenotype is relatively recent, there is nonetheless accumulating support from a number of domains. As discussed previously, there is converging evidence that discounting is robustly associated with addictive behavior. In addition, there is evidence that it meets the core endophenotype criteria. To start, a number of studies have found discounting preferences to be relatively stable over time. Robust reliability has been demonstrated in adolescents and adults over numerous time intervals, including one week (Baker, Johnson, & Bickel, 2003; Clare, Helps, & Sonuga-Barke, 2010; Simpson & Vuchinich, 2000) , six weeks (Beck & Triplett, 2009) , two months (Takahashi, Furukawa, Miyakawa, Maesato, & Higuchi, 2007) , three months Weatherly, Derenne, & Terrell, 2011) , one year (Kirby, 2009) , and even multiple years (Anokhin et al., 2011; Audrain-McGovern et al., 2009 ).
More importantly, there is also evidence from studies with both animals and human twins that delay discounting is heritable. In the former case, a number of studies have investigated differences in discounting between inbred rodent strains. As these strains are isogenetic within each strain (Beck et al., 2000) and receive identical rearing environments, systematic differences in discounting across strains can be attributed to genetic differences. The first study revealing strain differences did so in the context of investigating clomipramine as a pharmacotherapy for impulsivity in Lewis and Fischer 344 rats (Anderson & Woolverton, 2005) , finding no effect of the medication, but significantly higher delay discounting in the Lewis rats. This finding has subsequently been replicated twice using a steady-state paradigm to minimize within-session carryover (Madden, Smith, Brewer, Pinkston, & Johnson, 2008; Stein, Pinkston, Brewer, Francisco, & Madden, 2012) . Using six strains, Wilhelm and Mitchell (2009) found significantly greater discounting in Fischer rats compared to Copenhagen and Noble rats, but not Lewis rats, although a recent study suggests that this failure to replicate may be a function of procedure rather than strain (Stein et al., 2012) . Studies using mice have revealed similar results. In an initial investigation of four strains, significant between-strain differences were present as was covariation between discounting behavior and locomotor activity (Isles, Humby, Walters, & Wilkinson, 2004) . More recently, no differences in discounting were found between dopamine D 4 receptor knock-out mice and wild-type controls (Helms, Gubner, Wilhelm, Mitchell, & Grandy, 2008) , suggesting that the dopamine D 4 receptor is not playing a primary role.
Of particular interest, a number of studies have further linked strain-based differences in discounting with propensity for addictive behavior. For example, rats with a high preference for saccharin have been shown to have a propensity for cocaine consumption using a number of indices (e.g., Carroll, Morgan, Lynch, Campbell, & Dess, 2002; Perry, Morgan, Anker, Dess, & Carroll, 2006) , and also exhibit significantly more impulsive discounting than low-preferring rats (Perry et al., 2007) . Similarly, rats and mice from alcohol-preferring strains exhibit significantly greater delay discounting compared to low alcohol preference strains (Oberlin & Grahame, 2009; . However, this is not the case for all alcoholpreferring strains, as mice in another alcoholpreferring strain, STDRHI2, have not been found to differ compared to STDRL02 mice, a low alcohol preference strain (Wilhelm, Reeves, Phillips, & Mitchell, 2007) . In addition, surprisingly, greater impulsivity has been found in DBA/2J mice compared to C57BL/6J mice (Helms, Reeves, & Mitchell, 2006) , which is the opposite of what would be predicted by strainbased drug preferences. Although not conclusive at this point, these studies nonetheless reveal the interplay of genetic factors, impulsive discounting, and drug motivation without the typical confound of drug exposure in human studies.
These studies using animal models reveal both aggregate genetic influences on impulsive choice and, in several cases, the connection between these influences and drug motivation. However, there are limits to generalizability, such as whether the same genetic variants are associated with greater discounting across strains or whether variation in discounting in humans is similarly genetically influenced and, if so, attributable to homologous genes. Toward addressing the question of heritability in humans, the gold standard is the twin methodology, in which a given phenotype is examined in both monozygotic and dizygotic twins and statistical modeling is used to infer the amount of variation attributable to genetic factors based on known differences in the amount of shared genetic variation (i.e., effectively 100% in monozygotic twins versus 50% on average in dizygotic twins). More specifically, this approach permits parsing the relative overlap in the characteristic or condition to additive genetic factors (the sum of individual genetic effects); nonadditive genetic factors, such as gene x gene interactions; shared environmental experiences (events or experience that pertain to both twins), and nonshared environmental factors (events or experiences that are specific to an individual). These designs generate heritability estimates of the proportion of variation attributable to these different domains, such as the estimate of 50-60% heritability of addictive disorders (Goldman et al., 2005) .
While many twin studies have examined disorder status as a phenotype, only one twin study has assessed discounting. Anokhin et al. (2011) examined the heritability of delay discounting in early adolescent twins who were assessed using a single item discounting measure at ages 12 and 14 and found evidence for additive genetic influences at both ages (age 12, a 2 ¼ .30; age 14, a 2 ¼ .51). Interestingly, however, the best fitting model indicated significant genetic influences at age 12 predicting discounting at both age 12 and 14, but also with significant nonshared environmental influences at both ages 12 and 14. In other words, these results suggest that discounting is indeed a heritable phenotype but both genetic and environmental influences appear to be operative.
Another common methodology for investigating endophenotypes is examining whether the phenotype of interest aggregates in individuals who do not themselves have the disorder, but have a family history (FH) of the condition. This permits assessing the presence of the endophenotype in unaffected but nonetheless at-risk relatives. For heritable disorders, like addictive disorders, the presence of a FH increases risk for the condition and, if FH status is associated with a specific characteristic, it implicates the characteristic as a potential mechanism. To date, only a small number of studies have been conducted using this approach with discounting and the findings have been mixed. Petry, Kirby, and Kranzler (2002) examined paternal alcohol dependence family history status in 122 adults and found significantly more impulsive discounting in FHþ women, but not men. Crean, Richards, and de Wit (2002) also examined paternal alcoholism in the context of a tryptophan depletion laboratory challenge, but found no differences between the two groups and no effect of the manipulation on discounting. In a relatively small sample (N ¼ 33), Herting, Schwartz, Mitchell, and Nagel (2010) detected greater discounting in FHþ adolescents compared to FH-at the level of a statistical trend, although a significant difference was present in terms of choice reaction times.
The findings from these studies modestly implicate discounting as a mechanism conferring the risk from family history, but significant methodological issues make this conclusion far from definitive. For example, two of the three preceding studies had very small samples that were underpowered for effects below relatively large magnitude group differences. Moreover, these studies focused specifically on family history of alcohol misuse, but did not necessarily rule out the presence of other drug misuse or other forms of addictive behavior in the FHsamples. This is a problem because, as noted above, impulsive discounting is associated with an array of addictive disorders and the ostensible 'control group' may have been contaminated with individuals who also had a family history of addictive behavior, substantially undermining the experimental comparison. Most recently, in the largest study to date (N ¼ 298), some of these considerations were addressed via careful characterization of family history status for alcohol and other drugs, and also quantification of the density of the family history (Acheson, Vincent, Sorocco, & Lovallo, 2011) . In this study, FHþ status was dichotomously associated with more impulsive discounting and significantly positively related to density of family history of addictive disorders. Thus, although the data are somewhat mixed with regard to family history status and discounting, it appears that when sample sizes are sufficiently large and the status of both FHþ and FH-are thoroughly characterized, there is support for the aggregation of impulsive delay discounting with family history status.
The preceding studies provide oblique inferences about genetic influences on delay discounting, but a small number of molecular genetic association studies have directly investigated the role of specific polymorphisms on discounting 2 . For example, in a moderatelysized nonclinical sample of young adults (N ¼ 166), discounting was examined in relation to two genetic variants, the DRD2/ANKK1 3 -Taq IA single nucleotide polymorphism (SNP; rs1800497) and the variable number of tandem repeats polymorphism in exon 3 of the dopamine D 4 receptor gene (DRD4 VNTR) (Eisenberg et al., 2007) . In this case, possession of at least one DRD2/ANKK1 A1 allele was associated with significantly greater discounting, and possession of both the A1 allele and the long form of DRD4 VNTR was interactively associated with substantially more impulsive discounting. In other words, there was no main effect of DRD4 VNTR genotype, but the A1 allele carriers who also had at least one long version of DRD4 VNTR exhibited disproportionately high levels of impulsive discounting compared to the other genotype combinations. In a separate study of a locus related to the dopamine D 2 gene, nonclinical young adults who were C allele carriers of the DRD2 C957T (rs6277) SNP exhibited more rapid responding during discounting, although not more impulsive discounting (White, Lawford, Morris, & Young, 2009) .
Two studies have examined the relationship between COMT val158met SNP (rs4680) and discounting. In the first, a study of alcoholics and healthy controls (N ¼ 19), individuals who 2 Several definitions may be useful for this section. Genetic variation across individuals can come in diverse forms and a polymorphism refers to any instance in which the same portion of a gene exists in multiple forms. These different versions are termed alleles. DNA is composed of nucleotide base pairs and a single nucleotide polymorphism (SNP) refers to genetic variation reflecting a single difference at a given base. Alternatively, a single nucleotide may be deleted or inserted into the sequence. In contrast, variable number of tandem repeats (VNTR) polymorphisms refer to DNA sequences that include the repetition of the same series of nucleotides multiple times, with individuals varying on the number of times the series repeats. Larger scale structural differences are also present between individuals, such as copy number variations (CNVs) which are large scale portions (thousands to millions of base-pairs) of the genome that are repeated or deleted. Thus, across the 3.2B nucleotide base-pairs that comprise the genome, human genetic variation can be present from the level of a single base-pair all the way up to segments of DNA thousands and even millions of base-pairs in length.
3 This polymorphism was initially erroneously identified as being within the DRD2 gene but is in fact within the nearby ANKK1 gene (Neville, Johnstone, & Walton, 2004). were homozygous for the val variant, exhibited significantly more impulsive discounting (Boettiger et al., 2007) . In the second study, individuals with attention deficit/hyperactivity disorder (ADHD) were compared to control participants (N ¼ 68) and discounting differed by COMT val158met genotype, but met-met homozygotes exhibited significantly greater discounting independent of ADHD diagnosis (Paloyelis, Asherson, Mehta, Faraone, & Kuntsi, 2010) , a result that differs from Boettiger et al. (2007) , where val-val homozygotes exhibited the greatest discounting. Paloyelis et al. also examined discounting according to genetic variation in the DAT1 (the dopamine transporter gene) 10/6 haplotype 4 and DRD4 VNTR. Interestingly, diagnosis interacted with genotype, such that control participants with two copies of the DAT1 10/6 haplotype exhibited significantly more impulsive discounting than those with fewer than two copies and exhibited a profile of preferences that was equivalent to the ADHD participants. This is important because the presence of the 10/6 haplotype is robustly associated with ADHD (Asherson et al., 2007) and it suggests that 10/6 haplotype may be responsible for differences in discounting, but that this effect may be obscured in individuals with the clinical condition who exhibit a generally high level of discounting. In other words, because clinical populations are composed of individuals who have a convergence of risk factors and by their nature exhibit nonnormative levels of performance, it may be that nonclinical populations will be especially important for successfully detecting genetic effects. Notably, no DRD4 VNTR genotype main effect was present in the Paloyelis et al. (2010) study, converging with Eisenberg et al. (2007) and also a recent study by Garcia et al. (2010) . It also is worth noting that these associations were present only for a decision-making discounting task, not an experiential discounting task using actual delays, a point discussed in greater detail below.
Clearly only a small number of molecular genetic studies have been conducted on humans and those that have include small to moderate sample sizes, often comprising both clinical and nonclinical populations. As such, it is challenging to make definitive conclusions, but one theme that is emerging is the implication of genetic variation that results in changes in dopamine neurotransmission and, in particular, reduced levels of dopamine neurotransmission. For example, in the case of the association between DRD2/ANKK1 Taq IA and interaction of DRD2/ANKK1 and DRD4 VNTR (Eisenberg et al., 2007) , the alleles associated with greater impulsivity have both been associated with dopaminergic hypofunction (Jonsson et al., 1996; Jonsson et al., 1999; McGeary, 2009) . Similarly, in the association between impulsive discounting and COMT val-val genotype, the val allele is associated with greater enzymatic metabolism of dopamine (i.e., more rapid degradation of dopamine, terminating the activity faster; Savitz, Solms, & Ramesar, 2006) , again implicating dopamine hypofunction. Finally, in the case of the DRD2 C957T polymorphism, the C allele is associated with reduced striatal D 2 binding (Hirvonen et al., 2004) , further supporting a role for reduced dopamine activity as a neurobiological mechanism for genetic influences on delay discounting.
This hypothesis is also consistent with studies using animal models and fMRI that have implicated the ventral striatum in discounting decision-making, a key region in the corticomesolimbic dopamine system (for reviews, see Cardinal, 2006; Carter, Meyer, & Huettel, 2010) . For example, lesioning the ventral striatum in an animal model of discounting has been shown to induce significantly more impulsive delay and probability discounting (Cardinal & Howes, 2005; Cardinal, Pennicott, Sugathapala, Robbins, & Everitt, 2001) . Similarly, compared to Fischer rats, Lewis rats have fewer dopamine D 2 and D 3 receptors in the striatum and also fewer dopamine transporters in these regions (Flores, Wood, Barbeau, Quirion, & Srivastava, 1998) , paralleling the behavioral findings. Moreover, a recent meta-analysis of brain activity during fMRI discounting paradigms revealed the ventral striatum was consistently recruited (Carter et al., 2010) . However, it is important to note that dopaminergic hypofunction as an underlying mechanism is not consistent with all the published findings (e.g., Koffarnus, Newman, Grundt, Rice, & Woods, 2011; Pine, Shiner, Seymour, & Dolan, 2010) . Moreover, other neurotransmitter systems have also been implicated in delay discounting (Bevilacqua et al., 2010; Mobini, Chiang, Al-Ruwaitea et al., 2000; , as have important interactions between neurotransmitter systems (Winstanley, Dalley, Theobald, & Robbins, 2003; Winstanley, Theobald, Dalley, & Robbins, 2005) . Thus, although diverse neurotransmitters are likely involved, an emerging theme is that genetic variation that contributes to reduced corticomesolimbic dopamine tone is associated with more impulsive discounting. This hypothesized model is presented in Figure 4 .
Taken together, acknowledging the relatively small number of studies and ambiguities to date, the assembled findings nonetheless 'tick-theboxes' for delay discounting as an endophenotype. There is evidence that delay discounting decision-making is a stable and heritable phenotype; that elevations in impulsive discounting are present in otherwise unaffected individuals who are FHþ for addictive disorders; and that specific forms of genetic variation are associated with significant differences in discounting preferences. These findings thus provide the critical second link, that genetic factors are partially responsible for discounting decision-making. Moreover, in the case of strainbased differences in discounting, there is also evidence that differences aggregate with strains that also engage in more addictive behavior. This connection has not been made directly in humans, however, and while the findings to date suggest this is a highly promising prospect, it is by no means established or a foregone conclusion. Future progress will depend on further articulating the links between genetic factors, discounting preferences, and risk for developing an addictive disorder.
Important Methodological Considerations for Future Studies
The preceding sections provide the theoretical and empirical basis for pursuing delay discounting as an endophenotype for addictive disorders. This is clearly a promising area of research and success could have a major impact in terms of understanding the genetic basis of addiction, the nature of impulsivity, and even prevention and treatment. Importantly, however, there are a number of considerations and challenges that pertain to delay discounting in general, but especially genetic research. To start, there are issues of measurement with regard to discounting, as a wide array of assessments are used in the field and the discounting indices vary in terms of how well they correlate with each other, ranging from very high magnitude to negligible correlations (e.g., Epstein et al., 2003; KrishnanSarin et al., 2007; MacKillop et al., 2010; Paloyelis et al., 2010) . This may seem surprising at first glance, but when the diversity of commodities, delay durations, and size of commodity are considered, these variable relationships make more sense. As such, it will be critical for investigators to use consistent assessments across investigations and, ideally, to use multiple measures to determine whether different magnitudes of rewards are particularly sensitive to genetic influences or create latent variables that reflect discounting across reward magnitudes. Fig. 4 . Delay discounting as an endophenotype for addictive disorders. Genetic variation related to dopamine neurotransmission is hypothesized to affect the neuroanatomical and neurochemical substrates responsible for variation in intertemporal choice. Variants associated with more impulsive discounting as a trait are hypothesized to constitute a risk factor for addictive disorders. The number of spaces in the arrows reflects the putative strength of the relationship, with fewer spaces reflecting stronger relationship and vice versa.
In addition, one critical issue is that of reliability, as the magnitude of genetic influences will be necessarily bounded by the reliability of the discounting assessment over time. For example, the experiential discounting task was intentionally designed to be sensitive to state changes (Reynolds & Schiffbauer, 2004) , favoring sensitivity to dynamic changes in preferences as a result of experimental manipulations over general reliability across time. This makes the resulting phenotype more fluctuating and in turn less likely to be sensitive to genetic effects. These important differences may clarify variability in findings within studies (e.g., Paloyelis et al., 2010) . In general, trait-focused assessments that have established temporal reliabilities would be predicted to be most sensitive as endophenotypic measures.
The issue of consistency applies also to the index of discounting. In the case of curve fitting, nonlinear regression is the most typical procedure but multiple models can be applied and the solutions almost always includes some level of error (i.e., R 2 <1.0). For this reason, metrics like assumption-free area under the curve (Myerson et al., 2001; Odum, 2011b) or impulsive choice ratio (Mitchell et al., 2005; Odum, 2011b) may be more appropriate to avoid incorporating that error. Alternatively, differences in the sensitivity of different methods of deriving discounting functions to genetic influences may be informative with regard to the nature of discounting and the optimal derivation methods. For example, if reliable associations with specific loci are consistently of larger magnitude using one model compared to the others, it would provide further support for that analytic strategy. In any case, it will be important for these methodological issues to be thoroughly considered and addressed as findings in this area accumulate.
A second consideration represents diverse domains, but the common theme is the importance of assessing alternative aspects of the individual. The risk here is essentially of 'thirdvariable' confounds, or potential relationships with alternative or unmeasured variables that lead to spurious conclusions. In other words, genetic variables or discounting variables may be associated with each other by virtue of a common association with an alternative characteristic, so it is important to thoroughly examine and incorporate variation on related domains to rule out false positives (or false negatives). In particular, this applies to both collateral demographic and cognitive factors. As a decisionmaking phenotype, the typical delay discounting task using money as a commodity is necessarily contextualized within factors such as the individual's socioeconomic status, as well as cognitive processing factors such as working memory and attention. In the first case, income has typically not been found to be substantially related to discounting (e.g., MacKillop & Tidey, 2011) , but this is not always the case and the role of income should be considered nonetheless. In contrast, aspects of cognitive function have been consistently associated with discounting (Bickel, Yi, Landes, Hill, & Baxter, 2011; Hinson, Jameson, & Whitney, 2003; Jaroni, Wright, Lerman, & Epstein, 2004; Shamosh et al., 2008) . This is not surprising, as the process of discounting decision-making involves simultaneously juxtaposing the appeal of one immediately available reward in the present with another of larger magnitude in the future, requiring abstraction, working memory, inhibition, and other cognitive faculties. Moreover, genetic factors have also been implicated in cognitive functioning (e.g., Dickinson & Elvevag, 2009) , making these processes highrisk confounds if not simultaneously considered. Thus, high-quality assessment of the discounting phenotype would optimally also characterize these related factors to incorporate their role and to avoid misattribution of genetic associations.
Similar to these preceding factors, another source of potential confounding is a failure to address comorbidities in sampling. The association between impulsive discounting and addiction is arguably the most well established, but there is also evidence that it is associated with several related conditions, such as ADHD (e.g., Hurst, Kepley, McCalla, & Livermore, 2011; Scheres et al., 2006) , antisocial personality disorder (e.g., Acheson et al., 2011; Petry, 2002) , and bipolar disorder (e.g., Ahn et al., 2011) . As such, case-control studies using clinical cases compared to a matched control group will need to be sure that both groups are fully characterized in terms of present and past psychiatric conditions to avoid potential confounding. More generally, collateral assessment of relevant variables on continua, such as attentional control and antisociality, would be optimal in order to characterize the relationship to the discounting phenotype simultaneously in genetic studies. This issue is essentially the same as the potential demographic and cognitive confounds; a well-designed study should be able to specifically attribute genetic influences to the discounting phenotype and in turn to addictive behavior, but not other conditions. Of course, it is also possible that genetic influences may be determined to be more robust with other comorbid conditions. Alternatively, it is entirely plausible that impulsive discounting will be best understood as a risk factor for a number of conditions, not only addictive disorders, but perhaps disorders characterized by poor selfcontrol or perhaps externalizing disorders in general. As a consequence, genetic variation that contributes to impulsive discounting may be risk loci for a broader domain of psychopathology. In light of these possibilities, it is critical for these collateral characteristics and conditions to be ascertained to examine these relationships empirically.
A further consideration is that although there is relatively extensive evidence that impulsive discounting predates addictive behavior, as reviewed above, there is also evidence that persistent drug exposure can also result in longterm increases in impulsive delay discounting (Dallery & Locey, 2005; Roesch, Takahashi, Gugsa, Bissonette, & Schoenbaum, 2007; Simon, Mendez, & Setlow, 2007) and probability discounting (Nasrallah, Yang, & Bernstein, 2009) . Not all studies have found this to be the case and important methodological considerations apply (for a review, see Stein & Madden, in press ), but, nonetheless, the aggregated findings suggest that impulsive delay discounting represents a recursive etiological process. In other words, impulsive discounting may well serve as both a risk factor and a characteristic that can be exacerbated by addictive behavior. Impulsive discounting from this perspective operates as a 'Matthew Effect' (i.e., advantage potentiating further advantage, disadvantage potentiating further disadvantage), with individuals with innate propensities to discount the future being at greatest risk of developing addictive disorders and in turn becoming progressively more impulsive, and vice versa. This recursive perspective further complicates the phenotypic picture, as a reliably observed level of discounting would nonetheless reflect influences from both innate factors and the longstanding effects of chronic addictive behavior. As such, fully characterizing the genetic basis of discounting in nonclinical samples will be critical foundational research. Prospective studies characterizing both genetic factors and addictive behavior across the lifespan will ultimately be essential for validly investigating discounting as an endophenotype for addictive disorders.
Finally, it is worth noting that the issue at hand is a hypothesis, not a truism. The prospect of impulsive discounting as an endophenotype should be systematically investigated and the results considered critically, with the recognition that it may not be supported. It is notable that because endophenotypes are putatively more proximal to genetic variation, the associations between endophenotypes and specific genotypes are theorized to be larger in magnitudes and more reliable. In a meta-analysis of several of the most widely studied endophenotypes, however, Flint and Munafò (2007) did not find evidence of larger effect sizes. They recommended caution against presuming that endophenotypes necessarily have a simple genetic architecture, and this may well be the case for discounting also. Furthermore, in thinking critically about genetic influences on discounting, there are potentially influences beyond individual genetic factors. For example, impulsive discounting may in fact be a function of one or more gene x environment interactions, meaning that genetic influences may only be evident in individuals with certain environmental exposures, such as early life stress (e.g., Enoch, 2012) . Alternatively, if level of impulsive discounting is indeed largely a function of low corticomesolimbic dopamine tone, it is possible that an array of combinations of genetic variants might contribute to this systems-level characteristic, making impulsive discounting nonspecific to individual loci and an emergent property of the system. For example, variants responsible for transporter molecules clearing dopamine from the synapse and variants responsible for differences in the density or binding potential of dopamine receptor subtypes could both lead to the same aggregate profile of dopaminergic activity, high or low. Based on the model in Figure 4 , these systems-level effects would be associated with commensurate differences in discounting, but this would happen by way of entirely different loci. Capturing relationships like this may require novel strategies, such as examining aggregate genetic risk scores (e.g., Derringer et al., 2010; Karlson et al., 2010) or examining combinatorial genetic profiles that have known systemic effects (e.g., contrasting individuals who are positive and negative for a panel of risk or hypofunction variants). Fundamentally, although the findings to date are promising, it is important to recognize that the endophenotype approach is not the only possible framework for understanding genetic influences on discounting and the multiplicity of influences and mechanisms are worthy of consideration.
Conclusions
The goal of the current review was to lay out the theoretical and empirical basis for considering impulsive delay discounting as an endophenotype for addictive disorders. Although it is only a recent area of focus, there is considerable evidence supporting this perspective. As a phenotype, impulsive discounting is stable over time, heritable, and robustly associated with addictive behavior. A small number of studies have identified direct associations between genetic variation and variation in discounting, and several preclinical studies have triangulated genetics, discounting, and addiction liability, but these links remain considerably less well established. Moreover, caution is warranted in light of a history of highly promising initial findings that are ultimately false starts (or at least much more modest starts) in addiction genetics. This is particularly important because there are methodological issues pertaining to discounting as a phenotype that require careful consideration. Nonetheless, the existing literature provides strong basis for systematically investigating this hypothesis.
